The objectives of the present study were to investigate the effects of oral administration of estradiol-17␤ (E 2 ) on luteinizing hormone (LH) in plasma, aromatase activity in gonad, and sex change in the fingerlings of protandrous black porgy, Acanthopagus schlegeli Bleeker. The expression of estrogen receptor (ER) and androgen receptor (AR) transcripts in gonad was also analyzed. Undifferentiated (2-mo-old) black porgy were divided into two groups, one fed a control diet and the other a diet mixed with E 2 (6.0 mg/kg feed) for 5 mo. Fish treated with E 2 for 3 mo showed complete suppression of spermatogenesis and spermiation and induced sex change with primary oocytes. Aromatase activity in forebrain and midbrain was increased in the control in December-March (during the spawning season). E 2 stimulated aromatase activity in the brain. Higher gonadal aromatase activity in concordance with elevated levels of plasma LH was observed in the E 2 group compared with the control. After 2-mo of E 2 termination, regressed testicular tissue recovered and controlled females gradually reversed back to functional males in January and March. Plasma LH levels were higher in the E 2 -terminated group during the period of reversible sex change (from a controlled female to male) compared with the control. The expression of ER and AR transcripts was closely related to the development of testis and ovary. The data showed that E 2 induced a reversible sex change with high plasma LH. Increase of gonadal aromatase and decrease of ER/AR were associated with controlled sex change. Plasma LH levels were correlated with the conversion from a controlled female to male in black porgy.
INTRODUCTION
Black porgy, Acanthopagrus schlegeli Bleeker, a marine protandrous hermaphrodite, is widely distributed and is of particular interest for commercial aquaculture in parts of Asia [1] . Bisexual tissue (testicular and ovarian tissue) was observed in the gonad of 5-to 6-mo-old juvenile black porgy [2] . The fish are functional males for the first 2 yr of life but begin to change sex during the third year. However, only about 40% of cultured black porgies change into 1 Partially supported by the National Science Council, Taiwan. females, while the rest remain functional males during the third spawning season [3] . Black porgy in Taiwan have an annual reproductive cycle with a multiple spawning pattern occurring in late winter and early spring.
High levels of plasma estradiol-17␤ (E 2 ) during the prespawning and spawning season were correlated with the natural sex change in 3-yr-old black porgy [3] . E 2 was found to induce sex change in 1-yr-old black porgy; however, the ovary remained at the primary oocyte stage [3, 4] . Vitellogenic oocytes were observed in 2-yr-old black porgy after treatment with E 2 (4-6 mg per kg of feed) for at least 5 mo [5, 6] . We concluded that E 2 may be important to the natural and controlled sex change in protandrous black porgy [7, 8] . The involvement of estrogen receptor (ER) and androgen receptor (AR) in relation to the controlled sex change has not yet been studied. Further, gonadal aromatase was suggested to play an important role in the sex change mechanism in black porgy [7] [8] [9] . The gonad in black porgy for the experiment of controlled sex change (from male to female) in previous studies was already at the differentiated and bisexual stage (existed with ovarian and testicular tissue) [4] [5] [6] . In contrast, sex control is generally conducted in the gonochoristic fish at the undifferentiated stage [10] . It is interesting to conduct the sex change in black porgy when the germ cells in the gonad are still at the undifferentiated stage. The association of luteinizing hormone (LH) with the mechanism of sex change in black porgy remains unclear [8] .
Therefore, the objectives of this study were to investigate the characteristics of sex change, luteinizing hormone (LH), and aromatase activity in brain and gonad of undifferentiated black porgy by oral administration with E 2 . ER and AR transcripts were also examined in the gonad.
MATERIALS AND METHODS

Experimental Fish
Two-month-old fingerling black porgy, A. schlegeli (about 1.5 g in mean body weight) were obtained from a pond culture at the end of April. All of the experimental fish were acclimated to a pond at the University culture station in s seawater and natural light system. The water temperature ranged from 19 to 26ЊC. The fish were fed with commercial feed (Fwu Sou Feed Co., Taichung, Taiwan). All procedures described within were reviewed and approved by the National Taiwan Ocean University Institutional Animal Care and Use Committee and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Experimental Design
Fish (n ϭ 120, body weight ϭ 1.57 Ϯ 0.10 g, length ϭ 4.69 Ϯ 0.08 cm) were divided equally into two groups, control and E 2 (6 mg per kg of feed). E 2 treatment by oral administration ad libitum was maintained from 6 May to October 14. The treatment was terminated in the E 2 groups FIG. 1. The gonadosomatic index in juvenile black porgy during and after oral administration of estradiol-17␤ (E 2 ) or control diet. The period of E 2 treatment was from May to October. *, Significant difference (P Ͻ 0.05) between the control and E 2 -treated groups. Different characters represent the significant differences (P Ͻ 0.05) in various seasons in the same group.
after October 15, and all of the fish were fed a control diet. Fish samples were collected in July, August, October, December, January, and March; 10 fish per group were randomly collected and bled without a return to the experimental tank. Gonadal histology, aromatase activity in brain (forebrain, midbrain, and hindbrain) and gonad, LH in plasma and pituitary were measured. The transcripts of ER␣, ER␤ and AR in the gonad in August (3 mo after E 2 feeding) and December (2 mo after E 2 terminated) were measured by real-time PCR analysis.
Sampling Procedures
The fish were anesthetized in 2-phenoxyethanol, and blood was taken with an EDTA-containing tube from the caudal vasculature. Plasma was separated by centrifugation and stored at Ϫ70ЊC for later analysis of LH. After blood samples were collected, the gonad, pituitary, and brain were quickly dissected and weighed for the measurement of aromatase activity, LH, and ER/AR. Total body and gonadal weight were measured for the calculation of gonadosomatic index (GSI ϭ gonadal weight/body weight ϫ 100%).
Gonadal Histology
A piece from the part of the gonad was fixed in Bouin solution, embedded in paraffin, and sectioned at 6 m. Transverse sections were stained with hematoxylin and eosin. Germ cell developmental stages were determined [1] .
Measurement of Aromatase Activity
Aromatase activity in the gonad, forebrain, midbrain, and hindbrain was measured using a radiometric method according to the previous studies [6, 9] . The stereospecific loss of hydrogen from the C-1␤ position of 1␤-[ 3 H] androstenedione during aromatization and the formation of H 2 O was measured. Gonads were homogenized with a potassium phosphate buffer and centrifuged at 1000 ϫ g for 10 min at 4ЊC. The crude supernatant was applied for the measurement of aromatase activity. Aromatase activity was expressed as fmol 3 H 2 O/h-mg protein.
LH Assay
Pituitary was homogenized in phosphate buffer (pH 7.6) and centrifuged to obtain the supernatant for LH assay. LH levels in the plasma and pituitary were measured using a homologous RIA [11] . All samples were conducted within a set of LH RIA, and intraassay variability was 10.2%. Parallel displacement curves obtained with different volumes of plasma and serial dilutions of black porgy pituitary extract were similar to the standard curve.
Quantification of ER␣, ER␤, and AR transcripts by real-time PCR analysis. ER␣, ER␤, and AR were cloned in the previous studies [12, 13] . ER␣, ER␤, and AR transcripts in the gonad in August (ovarian tissue; 3 mo after E 2 feeding) and December (developing testis; 2 mo after E 2 termination) were determined by absolute quantification with real-time PCR analysis according to the previous study [12] . One microgram of sample total RNA was prepared, and a cDNA was synthesized to analyze the receptor mRNA expression levels. Gene quantification of standard, samples, and control was simultaneously conducted by a real-time PCR (GeneAmp 5700 Sequence Detection System; Applied Biosystems, Foster city, CA) with SYBR green I as a double-strand DNA minor-groove binding dye. The respective standard curve of the log of transcript concentrations versus C T was obtained. The C T value was inversely proportional to the log of the initial mRNA copy number. The correlation of the standard curves was in the range of Ϫ0.990 to Ϫ0.999 for ER␣, ER␤, and AR.
Data Analysis
All data are expressed as mean Ϯ SEM of the means. The values were subjected to analysis by one-way ANOVA, followed by a Student-Newman-Keuls multiple test (P Ͻ 0.05). Student t-test was also conducted to compare the significant difference (P Ͻ 0.05) between two pieces of data.
RESULTS
GSI and Gonadal Histology
The GSI in the E 2 and control groups in October (the end of E 2 administration) was significantly different (P Ͻ 0.05), 0.14% Ϯ 0.01% and 0.028% Ϯ 0.00%, respectively (Fig. 1) . The highest GSI (2.2% Ϯ 0.47%) in the control occurred in December (Fig. 1) . GSI significantly increased after terminating E 2 administration (from October to March) (Fig. 1) .
In the control fish, the undifferentiated gonadal tissue was observed in July, while testicular tissue with early spermatogonia appeared in August (Fig. 2) . Bisexual gonadal tissue began to be observed in the control in October and later; few primary oocytes were found in the ovarian tissue around the ovarian cavity (Figs. 3 and 4) . Spermatogenesis started to occur in the testicular tissue of control gonads in October-December (Fig. 3) and January (Fig. 4) , and mature sperms were found in the control gonad in December and January (Figs. 3 and 4) . Testicular tissue was regressing and ovarian tissue was further developed in the bisexual gonad of the control group in March (postspawning season) (Fig. 4) .
In the E 2 -treated group, putative ovarian tissue with oogonia and ovarian cavity was induced in July (after 2 mo of E 2 administration) (Fig. 2) . Distinct ovarian gonads with primary oocytes were found in the E 2 -treated fish in August-October (after 3-5 mo of E 2 administration) (Figs. 2 and 3). No clear testicular tissue (which became regressed testicular tissue) could be observed in the E 2 group in August (Fig. 2) .
After 2-3 mo of terminating E 2 administration, developing testicular tissue with spermatocytes, spermatids, and sperm was observed in the previous E 2 -treated group (controlled female) in December-January (spawning season) (Figs. 3 and 4) . Spermiation could be detected in JanuaryMarch. Normal testicular tissue with mature sperm was still found in the bisexual gonad in the previous E 2 group in March (Fig. 4) .
Plasma and Pituitary LH
Plasma LH levels were increased during the spawning season and became the highest in January in the control
Transverse sections of the gonadal tissue stained with hematoxylin and eosin in the control and estradiol-17␤ (E 2 ) groups after 2 (in July) and 3 (in August) mo of E 2 treatment. Undifferentiated gonad was observed in the control in July. Regressing testicular tissue and primary oocytes were observed in the E 2 group compared with the control group (with developing testicular tissue) in August. BV, Blood vessel; GC, early germ cell; OO, oogonia; OC, ovarian cavity; TT, testicular tissue; OV, ovarian tissue; PO, primary oocyte; R-TT, regressed testicular tissue; SG, spermatogonia.
( Fig. 5) . Plasma LH significantly increased in August and October but not July in the E 2 -treated group as compared with the respective control (Fig. 5) . Plasma LH was still higher in the E 2 -treated group in December and January (after 2-3 mo of terminating E 2 administration) (Fig. 5) .
LH content in the pituitary of the control was increased in accordance with the body growth and seasonal profile (Fig. 6) . No difference in pituitary LH content was found in the control and E 2 -treated groups from July to March (Fig. 6) .
ER␣, ER␤, and AR in Gonadal Tissue
In the control, decreases of ER␤ and AR transcripts but no difference of ER␣ transcripts were detected in the gonad from August to December (Fig. 7) . In the E 2 -treated group, ovarian tissue had significantly lower levels of ER␣, ER␤, and AR transcripts in August compared with the control gonad (Fig. 7) . In contrast, ER␣ and AR transcripts were increased significantly in the E 2 -terminating group in December (developing testis; 2 mo after E 2 withdrawal) compared with those in August (Fig. 7) .
Brain Aromatase Activity
The highest aromatase activity was found in the forebrain as compared with other brain regions (Fig. 8, A-C) . Aromatase activity in the forebrain and midbrain was significantly increased by at least ninefold in the control group during the spawning season in December-March as compared with the values in July (Fig. 8, A and B) . In hindbrain aromatase in the control, higher activity was found during the nonspawning season (July) as compared with the spawning season (December-January) (Fig. 8C) . Aromatase activity in forebrain, midbrain, and hindbrain was significantly stimulated during the period of E 2 treatment but not after E 2 termination (Fig. 8, A-C) . FIG. 3 . Transverse sections of the gonadal tissue stained with hematoxylin and eosin in the control and estradiol-17␤ (E 2 ) groups after 5 mo E 2 treatment (October) and after 2-mo terminated E 2 treatment (December). Spermatogenesis was observed in October and December in the control. Female gonad with the primary oocytes was found at the end of E 2 treatment in October. Testicular tissue recovered again after 2-mo terminated E 2 feeding (December). OC, Ovarian cavity; OV, ovarian tissue; PO, primary oocyte; SP, sperm; TT, testicular tissue.
Gonadal Aromatase Activity
Gonadal aromatase activity was significantly increased in the control group in August and then decreased to very low levels in December-January and increased again in March (Fig. 8D) . In the E 2 -treated group, gonadal aromatase activity was significantly increased in the E 2 -treated group in July (11-fold increase) and August (1.9-fold increase) as compared with the respective control (Fig. 8D) . No difference of gonadal aromatase activity was found in the control and E 2 -treated groups in October (Fig. 8D ). Higher gonadal aromatase activity was detected in the previous E 2 -treated group in December and January (after 2-3 mo of E 2 termination) as compared with the respective control (Fig. 8D) .
DISCUSSION
The significance of this study was to induce a reversible sex change in the fingerlings of black porgy by applying exogenous E 2 . This is the first time using the undifferentiated black porgy (2-mo-old fish) for the control of sex change in hermaphroditic species. The peak of GSI occurred in December-January (reproductive season) in the control as compared with January-March (after 3-5 mo of finishing E 2 feeding) in the E 2 -fed group. This difference of gonadal weight was mainly related to the timing of the testicular development. Testicular tissue started to develop from a regressed testicular tissue in December, and the gonad became bisexual tissue again in the E 2 group. E 2 -treated fish could even have mature sperm in January-March after 3-mo of termination of E 2 feeding while the control testis had already regressed in March. It is interesting to know that the approach of the reproductive season initiates the growth of testicular tissue from the regressed tissue in a controlled female gonad when the suppression by E 2 was terminated 2-3 mo before.
The findings of inducing a reversible sex change in the protandrous black porgy are different from the gonochoristic fish. By applying sex steroids to gonochoristic fish at the stage of undifferentiated stage for certain periods, permanent monosex fish could be obtained [10] . In contrast, E 2 induced a reversible sex change in protandrous hermaphroditic fish.
It took 3 mo in this experiment for the E 2 -treated fish to develop regressed testicular tissue and a female gonad at the stage of the primary oocytes. The gonad (2 mo old) FIG. 4 . Transverse sections of the gonadal tissue stained with hematoxylin and eosin in the control and terminated estradiol-17␤ (E 2 ) groups in January and March. Mature testis with sperm and regressed testis were observed in the control in January and March, respectively. Mature testis was observed in the terminated E 2 group in January and March while the ovary was at the primary oocyte stage. OV, Ovarian tissue; PO, primary oocyte; SP; sperm; TT, testicular tissue.
was apparently still at the undifferentiated stage when E 2 administration was applied because no clear differentiated germ cells were observed in 4-mo-old gonads (in July). The data indicated that undifferentiated juvenile black porgy were easier to manipulate for sex change as compared with 1ϩ-yr-old fish. It took at least 4-5 mo to induce a sex change in 1ϩ-year-old black porgy by oral administration of E 2 according to our previous studies [3, 4] .
Decreases of ER␣, ER␤, and AR transcripts in the gonadal tissue were correlated with the development of controlled females by E 2 administration compared with the respective testicular tissue. In the development of testis (from the controlled female to male) after E 2 withdrawal, these steroid receptor levels were increased. Our present findings further indicate that ER and AR expression is closely related to development of testis and ovary in the hermaphroditic black porgy. Differential levels of ER and AR transcripts in bisexual testicular and ovarian tissue were also found in this species [12] .
Our data demonstrated the significant profiles of increased aromatase activity in forebrain and midbrain in accordance with the spawning season. Brain aromatase activity could be increased by ninefold during the spawning season. A similar profile of aromatase activity in the brain was also found in European seabass, Dicentrarchus labrax [14] . No significant difference of brain aromatase activity in December-March was found between the control (remained male phase) and the previous E 2 -treated group (E 2 -controlled female is naturally reversing back to male during this period). E 2 also could directly stimulate brain aromatase activity in black porgy, as also demonstrated previously in 2-yr-old fish [6] .
The aromatase activity in gonads was significantly higher in the E 2 -treated fish from July to January, except Oc- 7 . ER␣, ER␤, and AR transcript levels in the gonadal tissue in juvenile black porgy in estradiol-17␤ (E 2 ) oral administration or control group in August (3-mo of E 2 feeding) and December (2-mo after E 2 termination). The period of E 2 treatment was from May to October. In the E 2 -treated group, ovary and developing testis were obtained in August and December, respectively. *, Significant difference (P Ͻ 0.05) between two data. tober, as compared with the control group. Gonadal aromatase activity was already increased in July and August after a 2-to 3-mo administration of E 2 ; even gonadal tissue was still at the stages of oogonia and early primary oocytes, respectively. It is suggested that gonadal aromatase is also involved in the early differentiation and development of ovarian tissue in hermaphroditic fish. The data also supported the previous findings that gonadal aromatase activity was associated with the controlled sex change in juvenile black porgy. Gonadal aromatase activity was also previously demonstrated to associate with E 2 -controlled sex change in 2-yr-old fish [6] . Aromatase inhibitors further block the natural sex change in 3-yr-old black porgy [15] . In the control, high gonadal aromatase activity was observed in the developing of testis in August. We had previously found that a low dose (0.25 or 1 mg/kg feed) of E 2 feeding results in the significant growth of testicular tissue and spermiation in this species [16] .
Plasma LH levels were increased in the control from July to January and then decreased in March. The increased plasma LH concentrations were associated with the gonadal development, GSI, and reproductive season in the control. This experiment further showed that E 2 oral administration (chronic effect) could significantly stimulate plasma LH levels in August and October. E 2 had a positive feedback on LH in black porgy that was consistent with previous studies (acute and chronic effects) [11, 17, 18] . E 2 also had stimulatory effects on LH in other fish, rainbow trout and goldfish [19] [20] [21] [22] . Pituitary LH content was low in JulyAugust (when fish were small) and started to increase in October and remained high in December-January and even during the postspawning season (March) in both control and E 2 groups. Pituitary LH content was not different between the control and E 2 -treated group. It is suggested that administered E 2 induced the synthesis and release of LH in the pituitary. E 2 induced the increase of LH mRNA in addition to the LH release in black porgy [11] .
After termination of E 2 administration for 2 mo, plasma LH levels were still higher in the E 2 -terminated group than in the control group in December and January. Termination of E 2 feeding resulted in a reversible sex change from controlled female to male. After a 2-mo withdrawal of E 2 , the potency of ingested E 2 should be decreased to very little in December, as demonstrated by no increase of brain aromatase activity and no suppression of testicular development in December and March. Therefore, it is suggested that high plasma LH levels in the E 2 -terminated group in December and January was not directly due to the stimulation of previously ingested E 2 . The physiological significance in the association between high plasma LH levels in December-January and the occurrence of a natural sex change from controlled female to male was suggested. This is the first time observing the association of plasma LH levels with the natural sex change from a controlled female to male. We therefore further propose that neuroendocrine LH is possibly involved in the sex change from controlled female to male in black porgy. The involvement of LH in the sex change (from female to male) in protogynous species has been suggested by the induction method. Exogenous human chorionic gonadotropin induced gonadal sex change in a protogynous bluehead wrasse, Thalassoma bifasciatum [23] . Ovine LH also stimulated sex changes in the protogynous ricefield eel, Monopterus albus [24, 25] . The data were consistent with what we had proposed, that testicular tissue of the bisexual gonad was more sensitive than ovarian tissue in terms of the response to endogenous hormones in black porgy [12, 13] . Higher levels of steroid receptors were found in the bisexual testis than ovary in the present and previous studies [12, 13] . Recently, we also found higher gonadotropin receptors in the bisexual testis than ovary (unpublished data). Therefore, high LH levels will induce the development of testicular tissue and drive the gonadal stage to male phase.
According to the present and previous studies, we conclude that black porgy becomes an interesting model to study the mechanisms of 1) differentiation from undifferentiated sex to a male in juvenile (the present study), 2) the natural sex change from a controlled female (induced by E 2 ) to male in 1-yr-old fish (the present study), 3) natural sex change from a male to female in 3-yr-old fish [3, 8] , and 4) the controlled sex change from the male to female (the present study, and previous studies [4] [5] [6] ). The findings in plasma LH, gonadal aromatase, and ER/AR should shed light on the understanding of the sex change and provide the foundation to further study the endocrine mechanism of natural sex change in this protandrous species, especially in relation to LH.
